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A research  study  of  the  effect  of  dry  oxygen  pressure  on  the  thermal  oxidation 
of  silicon  has  resulted  in  a new  passivation  technique  that  is  expeetad  to  im- 
prove the  performance,  cost  and  reliability  of  large  scale  integrated  circuit 
devices.  Msed  on  existing  theory  of  the  oxidation  mechaniam.'Mt  was  reasoned 


iased  on  existing  theory  of  the  oxidation  mechanism ,^t  was  reasoned 
that  dry  oxygen  pressures  above  1 atm  would  appreciably  accelerate  the  oxidation 
of  silicon,  thereby  leading  to  lower  oxidation  temperatures,  reduced  defect 
concentrations,  and  Improved  electrical  properties.  Special  apparatus  has  been 
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jdeveloped , and  careful  experimentation  has  demonstrated  that  oxidation  tempera- 
tures can  be  lowered  as  much  as  400l*C  by  using  only  140  atm' dry  oxygen  pressure, 
il.e.,  a pressure  lower  than  that  contained  In  commercial  bottled  gas  cylinders. 
IHeasurements  have  shown  thatf'the  resultant  oxidized  material  has  a stable  flat- 
jband  voltage,  consistently  low  fixed  surface-state-charge  density,  high  dlelec-  • 
trie  strength,  and  a generally  lower  defect  concentration  relative  to  conventlon-| 
|ally  processed  silicon.  The  use  of  pressure-oxidation  (P-OX)  to  obtain  oxlde- 
Isolated  Integrated  circuits  on  sapphire  .to  meet  military  requirements  for  low 
Jpower  and  radiation  hardmln&  was  demonstrated.^-^he  r^esearq^h  tec^iquq  Is  being 
{applied  by  ECOM  mlcroelettrohics  engineers,  and.^several  industrial  concerns  have 
indicated  plans  for  using  this  process.  Suitable  P-QX  (^qulpment  pn  a prodpcjtlon 
scale  is  being  designed  under  DARPA  sponsors|jip-  \ , 
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INTRODUCTION 

It  Is  widely  recognized  that  the  cost,  reliability,  and 
performance  of  large  scale  Integrated  (LSI)  circuit  devices  are  ad- 
versely affected  by  the  large  number  of  process-induced  chemical  and 
physical  defects  that  result  from  high  processing  temperatures  in  the 
range  950  to  1250°C.  This  Impact  is  particularly  severe  in  the  case 
of  oxide-isolated  processes  and  sllicon-on-sapphire  (SOS)  technology 
as  used  to  produce  specialized  military  devices  for  low-power,  high 
density,  and  radiation  hardened  applications.  Consequently,  there 
is  strong  motivation  for  developing  an  oxidation  process  that  can 
produce  gate,  field,  and  other  masking  and  passivating  oxides  at 
lower  processing  temperatures  for  silicon  Integrated  circuit  devices. 
Such  a process  has  resulted  from  research  on  the  pressure-oxidation 
(P-OX)  of  silicon  as  conducted  at  the  Electronics  Technology  and 
Devices  Laboratory  of  ECOM  (1). 

It  will  be  shown  that  the  thermal  oxidation  of  silicon  is 
significantly  accelerated  by  elevated,  but  practical,  dry  oxygen 
pressures,  with  substantial  reductions  in  oxidation  temperatures  and 
times.  Specialized  oxygen  gas  pressure  apparatus  suitable  for  high 
purity  semiconductor  research  was  developed;  oxide  growth  was  ex- 
plored for  the  regimes  600  to  900°C  and  75  to  500  atmospheres  (atm); 
the  oxidation  mechanism  was  examined;  the  dielectric  and  electronic 
interface  properties  were  measured;  and  the  technique  was  applied 
to  integrated  circuit  (IC)  structures.  Oxidation  temperatures  are 
lowered  as  much  as  400°C  by  using  only  140  atm  (2060  psi)  dry  oxygen 


1 


pressure,  and  Che  physical  and  electronic  properties  of  the  oxide  are 
equal  or  superior  to  those  obtained  by  conventional  means.  Currently, 
P-OX  is  being  incorporated  into  silicon-on-sapphlre  (SOS)  IC  device 
fabrication  in  a joint  research/device  program,  and  a P-OX  system  for 
industrial  utilization  in  IC  processing  is  being  designed  under  ARPA 
sponsorship.  On  Che  basis  of  the  scientific  knowledge  gained  with 
silicon,  it  is  further  anticipated  that  analogous  benefits  can  be 
achieved  to  overcome  another  serious  barrier  problem  in  electronics 
tecluiology,  nan.ely,  the  passivation  of  III-V  semiconductors. 

BACKGROUND 

The  thermal  oxidation  of  silicon  is  an  essential  step  that  is 
involved  in  the  fabrication  of  almost  all  ICs.  The  oxide  layer  on 
silicon  is  conventionally  form*»d  by  thermal  oxidation  at  temperatures 
in  the  range  of  950  to  1250°C  with  an  oxidizing  medium  of  dry  or  wet 
oxygen  gas  at  1 atm.  Dry  oxides  are,  in  general,  preferred  when  oxide 
perfection  is  at  a premium,  i.e.,  in  a gate  region  of  a metal-oxide- 
semiconductor  (MOS)  device.  Typical  conditions  for  the  formation  of 
a dry  gate  oxide  on  silicon  are  a 4-hour  oxidation  at  1000°C  using  an 
oxidizing  medium  of  1 atm  dry  oxygen  gas.  Wet  oxidation  is  curr-'ntly 
needed  and  used,  however,  when  thick  field  oxides  are  required,  since 
wet  oxidation  of  silicon  proceeds  at  a faster  rate  than  dry  oxidation. 
The  preparation  of  a typical  1.5  micrometer  field  oxide,  for  example, 
requires  about  a 51-hour  oxidation  at  1200°C  by  dry  oxygen  but  only 
about  a 3-hour  oxidation  at  1200°C  by  wet  oxygen.  Nevertheless,  at 
lower  temperatures  such  as  1000°C,  1 atm  wet  oxidation  still  requires 
oxidation  times  in  the  range  of  10  to  15  hours  to  achieve  the  oxide 
thicknesses  of  1.5  to  2 micrometers  required  for  oxide-isolation 
processes.  Wet  oxidation  consists  of  either  1 atm  steam  or  1 atm 
oxygen  gas  that  has  been  bubbled  through  water  preheated  at  about 
90  to  95°C. 


Several  different  kinds  of  problems  exist  with  the  present  high 
temperature  processes,  all  of  which  would  be  ameliorated  or  eliminated 
by  low  temperature  processing.  For  example,  the  stress  introduced  due 
to  radial  temperature  gradients  and  differences  in  coefficients  of 
expansion  in  the  grown  layer  and  the  substrate  typically  produces  high 
defect  densities.  Contamination  from  deleterious  alkali  and  heavy 
metal  ions  is  also  a greater  problem  at  higher  temperatures  and 
particularly  in  a wet  ambient.  Lifetime  and  resistivity  may  also  be 
severely  degraded,  and  specific  desired  impurity  distributions 
achieved  in  previous  processing  steps  may  be  destroyed  by  high 
temperature  diffusion  during  oxidation.  All  of  these  deleterious 
effects  serve  to  severely  limit  the  yield  of  resultant  devices. 
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Reduction  of  defects  is  also  desirable  to  permit  realization  of 
advanced  devices;  for  example,  high  dielectric  strength  is  needed 
for  very  thin  oxides  of  about  0.01  to  0.05  micrometers  in  thickness 
for  short-channel  high-transconductance  MOS  transistors  for  high 
speed  MOS  circuits.  - 


Two  existing  methods  for  the  preparation  of  silicon  dioxide  at 
reduced  temperatures  involve  chemical  vapor  deposition  (CVD)  and  high 
pressure  steam.  The  disadvantage  of  the  CVD  method  is  the  fact  that 
the  silicon/silicon-dioxide  interface  properties  of  deposited  oxides 
are  inferior  to  those  of  thermally  grown  oxides.  High  pressure  steam 
permits  oxide  growth  at  reduced  oxidation  temperatures  and  times  (2) , 
but  the  stringent  oxide  and  electrical  interface  characteristics 
required  for  LSI  devices  have  not  been  reported  and  the  method  is  not 
generally  used. 


On  the  basis  of  the  authors'  previous  experience  in  high  pressure 
chemistry,  the  use  of  dry  oxygen  pressures  above  1 atm  appeared  par- 
ticularly logical  and  promising  for  achieving  lower  thermal  oxidation 
temperatures,  reduced  defect  concentrations,  and  improved  electrical 
properties  in  terms  of  the  above  state-of-the-art  of  Integrated 
electronics  technology.  According  to  the  model  of  Deal  & Grove  (3), 
the. growth  of  oxide  films  greater  than  about  230  X on  silicon  takes 
place  in  the  following  three  stages:  (1)  transfer  of  oxidant  from 

the  oxidizing  gas  to  the  oxide  surface,  (2)  transport  of  the  oxidant 
across  the  oxide  film  towards  silicon,  and  (3)  chemical  reaction  of 
the  oxidant  with  silicon.  The  overall  oxidation  process  is  mathemat- 
ically described  by  the  mixed  linear-parabolic  expression 


where  x is  the  oxide  thickness  at  time  ^ is  the  parabolic  rate 
constant,  B/A  is  the  linear  rate  constant,  and  T_  is  a constant 
accounting  for  the  presence  of  the  initial  oxide  layer.  The  parabolic 
rate  constant  is  proportional  to  the  partial  pressure  of  the  oxidizing 
species  in  the  gas,  thus  it  was  evident  that  pressures  above  1 atm 
would  serve  to  accelerate  the  oxide  growth  rate.  On  the  basis  of  the 
1 atm  oxidation  mechanism,  a theoretical  oxide  growth  curve  of  thick- 
ness versus  time  was  calculated  for  800°C,  150  atm  to  determine  the 
magnitude  of  the  pressure  effect  that  might  be  expected  in  terms  of  a 
reduction  of  oxidation  temperature.  These  calculations  revealed  that 
if  the  1 atm  oxidation  mechanism  persisted  to  higher  pressures, 

150  atm  dry  oxygen  pressure  would  yield  equivalent  growth  rates  with 


over  a 400°C  reduction  of  oxidation  temperature  from  1200*^C,  1 atm 
oxidation,  a significant  benefit  well  worth  pursuing. 


A search  of  the  scientific  literature  revealed  no  data  for  the 
dry  oxidation  of  silicon  at  oxygen  pressures  above  1 atm.  Also,  no 
such  data  was  known  to  other  knowledgeable  scientists  (4,5)  working 
in  this  field.  Nevertheless,  the  overall  technical  community  ex- 
pressed great  interest  in  the  proposed  research  and  attached  consid- 
erable importance  to  the  possible  results.  Several  reasons  for  the 
absence  of  this  data  were  determined  to  be  concern  over  the  potential 
hazard  of  working  with  high  pressure  oxygen  and  lack  of  suitable 
equipment  and  experience  within  the  existing  electronics  industry. 

For  a number  of  years,  the  Electronics  Technology  and  Devices 
Laboratory  of  ECOM  has  actively  investigated  pressure  effects  on 
the  physics  and  chemistry  of  solids.  In  fact,  recent  research  studied 
the  improvement  of  dielectric  properties,  particularly  dielectric 
strength,  of  a glass/ceramic  niobate  crystallized  under  oxygen 
pressure,  which  was  reported  at  the  1972  Army  Science  Conference  (6). 
With  this  experience  and  knowledge  in  pressure  technology,  a research 
program  was  initiated  to  experimentally  investigate  the  oxidation 
kinetics  and  mechanism  of  the  thermal  oxidation  of  silicon  at  dry 
oxygen  pressures  above  1 atm. 


EXPERIMENTAL 

The  thermal  oxidation  of  silicon  is  conventionally  conducted  in 
a dynamic  condition  of  flowing  oxygen  gas,  whereas  P-OX  must  be  a 
static  oxidation  by  its  very  nature.  This  distinction  mandated 
several  important  modifications  from  the  conventional  method  of 
silicon  oxidation.  A vacuum  system  had  to  be  incorporated  into  the 
apparatus  to  control  ambient  atmosphere  in  the  vessel  after  samples 
were  loaded  into  the  vessel  at  room  conditions.  Procedures  had  to  be 
conceived  not  only  for  all  aspects  of  the  pressure-oxidation  itself 
(such  as  heating,  cooling,  annealing),  but  also  for  controlling  the 
presence  of  water  vapor  in  the  oxidizing  gas.  Also,  stringent  clean- 
liness criteria  unique  to  semiconductor  processing  had  to  be  observed 
in  the  overall  development  of  apparatus  and  procedures.  For  example, 
the  presence  of  sodium  contamination  in  the  amount  of  a few  parts 
per  billion  at  any  point  in  the  process  would  have  rendered  the  oxides 
unusable  for  device  application. 

The  P-OX  apparatus  was  basically  a converted  system  originally 
designed  for  hydrothermal  crystal  growth.  The  water  pump  was  re- 
placed with  an  oxygen  pump;  a vacuum  pump  with  cold  trap  and  oil 
filter  was  incorporated;  and  a Panametrics  hygrometer  was  installed. 
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High  purity  (99.998%)  dry  oxygen  gas  (less  than  3 parts  per  million 
water  vapor  and  less  than  1 part  per  million  hydrocarbons  as  methane) 
from  a conventional  bottled  gas  cylinder  was  used  to  charge  the  oxygen 
pump  with  a Precision  Gas  Products  high  pressure  gas  filter  for  0.3 
micrometer  particles.  The  stainless  steel  pressure  lines  were  en- 
larged where  necessary  for  vacuum  operations  and  pressure  gages 
specially  cleaned  for  oxygen  service  were  used.  The  pressure  vessel 
was  a cold-seal  cone-in-cone  type  heated  by  an  external  resistance 
furnace.  Samples  were  positioned  in  a quartz  sample  holder  at  the 
bottom  of  a quartz  tube  that  loosely  approximated  the  Inside  of  the 
vessel.  All  quartz  was  Amersil  T08  grade  for  semiconductor  purity. 

» Samples  were  prepared  for  oxidation  by  a 20-mlnute  bath  in  a mixture 

of  sulfuric  and  nitric  acids  (2:1)  at  85°C  followed  by  a deionized 
water  rinse  and  a 45-second  dip  in  5%  hydrofluoric  acid.  After  again 
rinsing  in  deionized  water,  the  samples  were  blown  dry  with  nitrogen 
gas  and  immediately  loaded  in  the  quartz  sample  holder  and  tube. 
Special  attention  was  given  to  the  potential  role  of  water  vapor. 

In  situ  hygrometer  measurements  verified  that  the  oxidations  were 
conducted  with  less  than  14  ppm  water  vapor  at  the  cor''lusion  of  an 
experiment,  and  that  the  observed  oxide  growth  data  were  truly  due  to 
the  effect  of  dry  oxygen  pressure  rather  than  a catalytic  effect  ef 
moisture  (1).  Temperature  and  pressure  were  maintained  within  + 2°C 
and  + 10  atm,  respectively,  during  the  course  of  the  oxidations. 

Oxide  thickness  was  measured  with  a Rudolph  RRIOO  ellipsometer . The 
overall  uncertainty  in  thickness  ranged  from  + 20  S for  thin  oxides 
to  a maximum  of  + 200  X for  some  of  the  thicker  oxides. 

RESULTS 

The  rate  of  oxidation  of  arsenic-doped  (111)  silicon  at  800°C, 

140  atm  dry  oxygen  pressure  was  measured  and  compared  with  convention- 
al (3,7)  thermal  oxidation  methods.  The  results  are  shown  in  Figure 
1.  It  is  evident  that  oxide  growth  by  140  atm  dry  P-OX  is  faster 
than  either  1 atm  dry  oxidation  (curve  a)  or  1 atm  wet  oxidation 
(curve  b)  at  800°C.  Most  significant,  however,  is  the  fact  that 
oxide  growth  by  140  atm  dry  P-OX  at  800°C  is  comparable  to  1200°C 
dry  oxidation  at  1 atm  (curve  c).  The  400°C  reduction  in  dry  oxida- 
, tion  temperature  was  achieved  by  the  application  of  only  140  atm 

pressure  (2060  psi) , which  is  less  than  that  contained  in  convention- 
al pressurized  gas  cylinders  that  are  widely  used  and  ordinarily 
handled.  Thus  the  technique  is  expected  to  be  amenable  to  practical 
utilization. 
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Figure  1.  Pressure-oxidation  of  (111)  silicon  at  800°C,  140  atm  dry 
oxygen  compared  with  other  methods:  (a)  1 atm  dry  oxidation  at  800°C; 
(b)  1 atm  steam  oxidation  at  800°C;  and  (c)  1 atm  dry  oxidation  at 
1200°C. 


The  crossover  of  the  P-OX  data  with  curve  (c)  in  Figure  1 sug- 
gests an  altered  oxidation  mechanism  by  oxygen  pressures  above  1 atm. 

According  to  the  model  of  Deal  & Grove  (3) , the  thermal  oxidation  of 
silicon  is  initially  reaction-rate  limited  at  the  oxide-silicon  inter- 
face followed  by  diffusion  control  of  the  oxidant  through  the  oxide. 

The  coefficients  in  the  oxidation  equation  (1)  were  determined  for 
the  P-OX  data  and  were  compared  to  the  corresponding  coefficients  for 
1 atm  oxidation  at  800°C.  Both  the  parabolic  and  linear  rate  con- 
stants are  one  to  two  orders  of  magnitude  larger  for  140  atm  dry 
oxidation.  Indicating  that  both  of  these  stages  of  the  oxidation  pro- 
cess are  accelerated  by  pressures  above  1 atm.  The  pressure  variation 
of  the  coefficients,  however,  indicates  that  the  pressure-oxidation 
mechanism  is  not  completely  described  by  the  model.  The  coefficient 

A is  not  independent  of  pressure,  and  neither  the  parabolic  nor  the  i 

linear  rate  constants  are  proportional  to  pressure.  This  is  also 

reflected  by  the  fact  that  the, experimental  thickness  versus  time  j 

■ J 
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oxide  grov;th  is  lower  than  that  calculated  according  to  equation  (1) 
using  1 atm  rate  constants.  Additional  oxide  growth  rate  curves  are 
being  determined  as  a function  of  pressure  and  temperature  to  eluci- 
date the  pressure-oxidation  mechanism  of  silicon. 


From  the  data  in  Figure  1,  it  is  evident  that  a standard  gate 
oxide  of  1200  A on  (111)  silicon  can  be  grown  in  about  1 hour  at  800°C, 
140  atm.  Experiments  with  (100)  silicon  showed  that  a similar  gate 
oxide  could  be  grown  in  about  2 hours  at  the  same  conditions.  To  ex- 
plore the  breadth  of  dry  pressure-oxidation  of  silicon  in  terms  of 
oxides  available  from  various  pressures  and  temperatures,  particularly 
for  field  or  isolation  oxides,  exploratory  3-hour  oxidations  of  (111) 
silicon  were  conducted  at  pressures  in  the  range  75  to  500  atm  and 
temperatures  in  the  range  700  to  900^C.  The  results  are  shown  in 
Figure  2. 
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Figure  2.  Influence  of  pressure  and  temperature  on  oxide  growth 
tor  3-hour  oxidations  of  (111)  silicon. 


Of  particular  Interest  is  the  1.6  micrometer  oxide  that  Is  ob- 
tained In  3 hours  by  900°C,  500  atm  dry  P-OX.  We  have  ascertained 
that  these  pressure/temperature  conditions  can  be  routinely  achieved 
with  an  Internally  heated,  externally  cooled  pressure  vessel  having 
virtually  infinite  lifetime  and  satisfactory  personnel  safeguards 
during  operation.  Clearly,  the  dry  P-OX  technique  offers  definite 
advantages  In  reduced  oxidation  temperatures  and  oxidation  times  for 
the  preparation  of  gate,  field,  and  Isolation  oxides  encompassing  a 
vide  range  of  Integrated  circuit  devices. 

The  previous  P-OX  data  were  obtained  using  small  rectangular 
samples  (8  x 10  ram)  In  a 0.5  Inch  ID  vessel.  The  next  step  In  the 
investigation  was  to  determine  the  actual  benefits  of  reduced  tem- 
perature oxidation  In  terms  of  MOS  properties.  For  this  purpose  a 
P-OX  system  was  assembled  utilizing  a 1.3  inch  ID  vessel  for  oxidizing 
1 Inch  diameter  wafers.  The  vessel  employed  a Bridgman  type  seal  for 
holding  gas^pressure  with  the  larger  vessel  bore.  Gate  oxides  of 
about  1000  A were  prepared  on  phosphorus-doped  (ill)  silicon  by  dry 
P-OX  at  800°C,  150  atm.  Aluminum  dots  were  evaporated  to  make  MOS 
capacitors.  Conventional  capacitance  versus  voltage  measurements  on 
the  capacitors  showed  negligible  (less  than  0.1  volt)  shift  in  flat- 
band  voltage  under  bias-temperature  stress,  values  of  surface-state- 
charge  density  (Qss/q)  range  3 to  8 x 10“10  cm”2,  and  dielec- 

tric strength  values  of  about  20  megavolts/cm.  Such  values  represent 
an  improvement  by  more  than  a factor  of  two  over  those  generally  re- 
ported in  the  literature  for  conventionally  grown  oxides,  but  it 
must  be  pointed  out  that  these  properties  resulted  from  initial  ex- 
periments and  all  values  await  subsequent  verification.  Nevertheless, 
it  is  apparent  that  significant  benefits  are  transferred  to  electri- 
cal properties  by  the  reduced  temperatures  afforded  by  the  dry  pres- 
sure-oxidation of  silicon. 

The  small  flat-band  shifts  under  bias-temperature  stress  are 
indicative  of  a very  low  level  of  contamination  from  alkali  and  heavy 
metal  ions.  Incorporation  of  such  impurities  in  the  growing  oxide 
generally  arises  from  high  temperature  volatilization  in  the  furnace 
environment.  Reduced  volatilization  of  components  in  the  oxidation 
furnace  is  expected  at  the  lower  temperatures  used  for  P-OX;  for 
example,  the  1 atm  boiling  point  of  sodium  is  about  880°C.  Improved 
oxide  stoichiometry,  and  thus  dielectric  strength,  may  also  be  anti- 
cipated by  reason  of  reduced  oxide  dissociation  at  the  lower  tempera- 
tures involved  in  P-OX.  Pressure  oxides  were  examined  by  electron 
spin  resonance  and  revealed  the  relative  absence  of  defects  compared 
to  oxides  prepared  by  conventional  oxidation  methods  (8) . All  of 
these  results  serve  to  verify  the  original  program  rationale  of  using 


pressure  to  accelerate  oxide  growth,  obtain  lower  oxidation  tempera- 
tures, reduce  defects,  and  Improve  electrical  properties. 

OXIDE-ISOLATED  INTEGRATED  CIRCUITS 

The  application  of  P-OX  to  IC  structures  was  investigated  Cor 
oxide  isolation  in  bulk  silicon  and  sllicon-on-sapphire  devices  (9) . 
According  to  this  type  of  IC  process,  electrical  isolation  between 
individual  components  on  an  integrated  circuit  wafer  is  achieved  by 
a deep  oxidation  extending  into  the  silicon  and  surrounding  each  de- 
vice. A nitride  mask  on  the  surface  prevents  oxidation  in  the  areas 
where  the  components  themselves  are  to  be  fabricated  (10).  For  the 
P-OX  experiments  tv;o  types  of  IC  structures  were  examined,  one  in 
which  a 2000  X silicon  nitride  oxidation  masking  layer  had  been  de- 
posited directly  on  the  silicon  surface  and  one  in  which  a 1000  X 
thermal  oxide  buffer  layer  had  been  placed  between  the  nitride  and 
the  surface  to  prevent  undesirable  chemical  interaction  between  the 
silicon  and  the  nitride.  Scanning  electron  microscopy  was  utilized 
to  reveal  the  morphology  of  the  P-OX  structures.  An  example  of  a 
pressure-oxidized  oxide-isolated  IC  structure  is  shov/n  in  Figure  3 
for  an  SOS  nitride-on-silicon  structure.  In  Figure  3 the  oxide  ex- 
tends completely  through  the  1 micrometer  epitaxial  silicon  layer  of 
the  SOS  structure,  thus  effecting  dielectric  isolation  of  adjacent 
silicon  elements.  In  this  particular  case,  the  oxide  was  prepared  by 
23-hour  P-OX  at  850°C,  250  atm  dry  oxygen,  but  a more  optimum  set  of 
conditions  can  be  chosen.  Following  the  P-OX  treatment  the  structures 
were  well  defined,  and  there  were  no  cracks  in  the  nitride  films  or 
silicon  substrates.  Furthermore,  it  was  found  in  additional  experi- 
ments that  the  nitride  mask  was  relatively  unattacked,  even  at  dry 
oxygen  pressures  to  500  atm.  A 44-hour  experiment  at  825°C,  500  atm 
resulted  in  less  than  100  X oxidation  of  silicon  nitride. 

Several  distinct  advantages  are  apparent  for  P-OX  compared  to 
the  1 atm  wet  oxidation  method  used  for  oxide  isolation.  First,  re- 
duction of  the  oxidation  temperature  to  850°C,  from  the  conventionally 
used  1000°C  (10),  diminishes  and  may  prevent  alteration  of  the  desired 
silicon  dopant  concentrations  that  control  device  properties.  These 
required  dopant  concentrations  are  achieved  in  the  silicon  by  diffu- 
sion processes  prior  to  oxidation.  At  high  oxidation  temperatures 
such  as  1000°C,  the  dopants  redistribute  via  continued  diffusion, 
with  consequent  alteration  of  device  properties.  Thus  P-OX  may  im- 
prove device  performance,  yield,  cost,  and  reliability.  Second,  it 
appears  possible  that  the  oxide  buffer  layer  under  the  nitride  can 
be  eliminated,  thereby  reducing  lateral  oxidation  underneath  the  mask 
and  improving  the  packing  density  of  oxide-isolated  IC  device  struc- 
tures. The  extent  of  lateral  oxidation  underneath  the  nitride 


Figure  3.  Dry  pressure-oxidation  of  nitride  on  1 micrometer  (100) 
SOS  structure  showing  2.2  micrometer  pressure-oxide  (light)  and 
■asking  nitride  (dark)  with  complete  oxlde-isolatlon  between  the 
silicon  areas  under  the  nitride. 


mask  has  an  important  bearing  on  device  design  since  lateral  oxidation 
establishes  a minimum  size  for  the  separation  of  adjacent  Isolated 
structures.  Although  lateral  oxidation  is  much  more  extensive  in  the 
presence  of  the  intermediate  oxide  layer  (11),  this  layer  is  needed 
for  the  high  temperature  wet  oxidation  method  to  prevent  severe  dis- 
location damage  In  the  silicon.  For  P-OX,  lateral  oxidation  under- 
neath th»  nitride  mask  was  negligible  and  the  use  of  a chromate  etch 
failed  to  reveal  significant  nitride  Induced  dislocations  In  the 
underlying  silicon.  Thus  low  temperature  P-OX  may  satisfactorily 
reduce  the  nltrlde/sllicon  thermal  expansion  mismatch  so  that  the  in- 
termediate oxide  layer  may  not  be  needed.  On  the  basis  of  these  re- 
sults, a Joint  device/research  program  Is  currently  being  conducted 
Incorporating  P-OX  In  the  processing  of  a working  SOS  device. 


2.  Thermal  oxidation  temperatures  of  silicon  are  reduced  as 
much  as  400°C  by  the  use  of  only  about  2000  psi  dry  oxygen  pressure. 

3.  Gate,  field,  and  isolation  oxides  for  a wide  range  of  silicon 
integrated  circuit  devices  can  be  prepared  at  reduced  temperatures 
and  times  by  dry  pressure-oxidation. 

4.  The  mechanism  of  thermal  oxidation  of  silicon  is  altered  by 
dry  oxygen  pressures  above  1 atm. 

5.  The  MOS  properties  of  dry  pressure  oxides  are  equal  or  supe- 
rior to  those  of  conventionally  prepared  thermal  oxides. 

6.  Silicon  nitride  is  a stable  oxidation  mask  at  dry  oxygen 
pressures  to  500  atm,  permitting  the  application  of  P-OX  to  oxide 
isolated  integrated  circuits  and  SOS  technology. 

7.  The  method  of  pressure-oxidation  is  suitable  for  industrial 
utilization  for  the  processing  of  silicon  Integrated  circuit  devices. 

8.  Pressure-oxidation  is  a new  nasslvation  technique  that  has 
potential  merit  for  semiconductors  other  than  silicon,  e.g.,  the 
passivation  of  III-V  compound  and  alloy  semiconductors. 
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